The current steel-concrete composite floors design might be susceptible to the resonance phenomenon, causing undesirable vibrations in the frequency range that is the most noticeable to humans, i.e., 4 Hz to 8 Hz. This way, the main objective of this work is to investigate the dynamic structural behaviour of a steel-concrete composite multi-storey building when subjected to human rhythmic activities (aerobics). The studied structural model represents a typical interior floor bay of a commercial building used for gym and is composed by three floor levels spanning 20 m by 20 m, with a total area of 3 × 400 m
Introduction
The current steel-concrete composite floors design might be susceptible to the resonance phenomenon causing undesirable vibrations in the frequency range that is the most noticeable to human perception, i.e., 4 Hz to 8 Hz [1] [2] [3] [4] [5] . On the other hand, at the same time, most of the natural frequencies of composite floor systems also lie in this range. In addition, the excitation force frequencies due to human rhythmic activities occur in this range as well. All these combinations make the structural systems more susceptible to the resonance phenomenon, causing undesirable vibrations and human discomfort [1] [2] [3] [4] [5] .
Such condition is in part due to the technological advance in the materials field which has allowed the use of more resistant and low weight materials that result in slender and more flexible structural composite floor systems. In addition, it has been observed in design practice low floor structural damping ratios, which is related to the type of construction, materials, presence of non-structural elements, age and also quality of the construction process [1, 2] . Therefore, all these combinations make the steel-concrete composite floors very susceptible to annoying vibrations induced by human rhythmic activities.
In this sense, this investigation aims to evaluate the dynamic structural behaviour of a steel-concrete composite building, consisting of three floor levels spanning 20 m by 20 m, with a total area of 3 × 400 m 2 used as gym for the practice of aerobics. This way, an extensive parametric analysis was developed aiming to obtain the peak accelerations, RMS accelerations and VDV values, based on two mathematical formulations used for modelling human rhythmic actions [3, 6, 7] .
Thus, along the present study, it was found that the analysed steel-concrete composite floor multi-storey building presented high vibration levels that compromise the human comfort, according to the 
Finite Element Modelling
The finite element model was based on a steel-concrete composite floor spanning 20 m by 20 m with a total area of 3 × 400 m 2 composed by 12 bays of 10 m by 10 m. The floor is made of composite beams and a 100 mm thick concrete slab. The columns height is equal to 4 m (Figs. 1 to 3 ). The steel sections used were WWF (welded wide flanges) made from a 345 MPa yield stress steel grade. A 205 × 10 3 MPa Young's modulus was adopted for the steel beams. The concrete slab presents a 30 MPa specified compression strength and a 26 × 10 3 MPa Young's modulus [1] .
The developed numerical model adopted the usual mesh refinement techniques present in finite element method simulations implemented in the ANSYS program [8] . The floor steel beams were represented by three-dimensional beam elements, where flexural and torsion effects are considered. The composite slab was represented by shell finite elements (Figs. 4 to 6) .
The complete interaction between the concrete slab and steel beams was considered in the analysis, i.e., the numerical model coupled all the nodes between the beams and slab, to prevent the occurrence of any slip. Both materials (steel and concrete) present an elastic behaviour. Regarding the structural behaviour of the connections present in the investigated structural model, the beam-to-beam connections were modelled as flexible joints and the beam-to-column connections were considered as rigid joints [1] .
Human Rhythmic Activities Modelling
The mathematical functions of the rhythmic dynamic loading is described in this work by two different experimental approaches such as proposed by Faisca [3] , Ellis and Ji [6] , and Smith, Hicks and Devine [7] . The dynamic loading Model I corresponds to the model proposed by Faisca [3] (Eq. (1)) and the dynamic loading Model II was developed by Ellis and Ji [6] , and Smith, Hicks and Devine [7] (Eqs. (2) to (5) FAISCA [3] )]} π 2 cos(
where, F(t) is the dynamic loading function (N), T represents the activity period (s); T c is the activity contact period (s); P is the person's weight (N); K p corresponds to the impact coefficient; CD represents the phase coefficient and t is the time (s).
where, F(t) represents the dynamic loading function (N); f p is the frequency of the jumping (excitation frequency) (Hz); ν: number of persons; r n,v : represents the Fourier coefficient of the nth term; G is the person's weight (N); φ n is the phase lag of the nth term and t is the time (s). The phase lag for the first three harmonics considering a crowd jumping is equal to π/6, -π/6 and π/2, respectively.
Natural Frequencies and Mode Shapes
The modal analysis was performed and it was verified that the first 12 natural frequencies of the studied composite floor, varying from 6.29 Hz to 7.59 Hz (Table 1) , are close to the excitation frequency range (aerobics). In this situation, the frequency of the third harmonic of the dynamic loading may match these natural frequencies and therefore lead the composite floor to a resonant motion. Therefore, such situation might result in undesirable vibrations and thus human discomfort. It must be emphasized that the total structural mass corresponds to 372.83 t.
In sequence, Figs. 9-12 present some chosen vibration modes of the floor, which might be excited by the dynamic load positioning (Fig. 13 ). It must be emphasized that all steel-concrete composite floor vibration modes present a predominant flexural behaviour.
The force frequency range corresponding to the third harmonic of aerobics activities (Hz) for the dynamic loading Model I [3] and the dynamic loading Model II [7] vary from 5.66 Hz to 8.57 Hz and from 4.5 Hz to 8.4 Hz, respectively. It can be noted that the modal analysis may predict some unwanted vibration possibilities. In this sense, the fundamental composite floor frequency should be at least equal to 9.2 Hz [1] [2] [3] [4] [5] for aerobics considering the structural system as a light floor or 8.4 Hz for rhythmic activities according to Smith, Hicks and Devine [7] .
Human Comfort Assessment
The dynamic loading was uniformly distributed over the half area of the steel-concrete composite building second floor, representing 50 people practicing aerobics (0.25 people/m 2 ) [5] , as illustrated in Fig. 13 .
This way, simulation of these rhythmic human actions was represented by the dynamic loading Models I and II, developed respectively by Faisca [3] , Ellis and Ji [6] , and Smith, Hicks and Devine [7] . It is also assumed that a single person's weight is equal to 800 N [1, 2] . In this study, the structural damping is taken as ξ = 1% (ξ = 0.01) according to ISO10137 [9] . The dynamic response of the investigated building was obtained from the central nodes (Sections A to G), of each floor bay regarding the three levels of the building, as shown in Fig. 14 .
The steel-concrete composite floor accelerations were evaluated on the steady state response on the In sequence, Table 2 shows the unweighted accelerations, RMS weighted accelerations and the VDV acceptance criteria, respectively. An extensive parametric study was carried out so that the third harmonic of the excitation frequencies (aerobics) matches each natural floor frequency as much as possible to induce resonance. Then, 12 load cases were performed for both the dynamic loading Models I and II, totalling 24 studied cases. Table 3 shows the parameters adopted for the dynamic loading Model I (CD = 0.93 and K p = 2.78 [3] ), in order to represent the aerobics class (Eq. (1)). Regarding the dynamic loading Model II parameters, the following ones were used: ν = 50 persons, phase lag φ n , for the first three harmonics equal to π/6, -π/6 and π/2 [6, 7] , respectively (Eqs. (2) to (5)). Tables 4 to 9 show the composite multi-storey building dynamic response for the dynamic loading Models I and II, respectively. It must be noted that the bold values shown in these tables represent the exceeding values according to the human comfort criteria ( Table 2) .
Based on the dynamic response obtained applying the loading Models I and II to simulate the aerobics class performed by 50 people on the second floor, it was observed that the highest values (peak and RMS weighted accelerations and VDV values), were related to the second and third vibration modes (f 02 = 6.52 Hz and f 03 = 6.53 Hz), mainly on the second floor area where the dynamic loads were applied (Sections F and H) for both dynamic loading models (Tables 4-9). The results reported by the loading Model I (Tables 4-6) pointed out that the sections of the second floor (E, F, G and H) presented the highest acceleration values in comparison to the nodes of the first and third floor (A, B, C, D and I, J, K, L, respectively), exceeding the recommended human comfort limits and thus causing undesirable vibrations in the structure (Table 2) . However, it can be noted that according to the VDV assessment (Table 6 ), the human comfort limit ( Table 2) was classified as disturbing for the second and third floor considering the investigated load cases f 02 , f 03 , f 04 , f 11 and f 12 (Tables 2 and 6 ).
Regarding the loading Model II (Tables 7-9 ), it was verified that only the load cases f 01 (Nodes A, B, C, D, I, J, K, L) and f 05 to f 10 (Nodes A, B, C and D) indicated acceptable human comfort levels to the practice of aerobic activities, respecting the recommended limits of peak accelerations, RMS and VDV values. On the other hand, most of cases investigated in this analysis have shown uncomfortable and disturbing vibrations (Table 2) for the second and third floors, especially the load cases f 02 and f 03 for the areas of the second floor where the human rhythmic activity was taken place (Sections F and H), which presented unacceptable vibration levels.
Therefore, it must be emphasized that the vibration transmissibility to the first and third floors gets higher for most of the building natural frequencies varying from 6.29 Hz to 7.59 Hz, as presented in Tables 4-9 . This way, people standing on these floors could fell even more a greater discomfort once they act as passive persons practising others activities.
In order to illustrate all these quantitative analysis, Figs. 15 and 16 show the building composite floor dynamic response on the second floor (Sections F and H in Figs. 13 and 14) , in time and frequency domain, considering the excitation frequency tuned to the third vibration mode (f 03 = 6.54 Hz), evaluated as one of the worst design case scenario.
Based on the results presented in Figs. 15 and 16 and  Tables 4-9 , it can be concluded that the dynamic loading Model II [7] induced higher vibration levels than the dynamic loading Model I [3] . It means that the Fourier coefficients of the SCI function [7] , especially the third Fourier coefficient (Figs. 15 and 16) , are more energetics than the Faisca function ones. On the other hand, through a comparison among the two investigated force functions, the Faisca [3] dynamic model seems to offer larger design parameters variations.
Considering all obtained results along the investigation, the Faisca [3] function might be considered for an economical design. It is important to emphasize that the impact coefficient, K p , and the phase coefficient variation, CD, for human rhythmic activities used in Faisca [3] dynamic loading model were obtained based on a long series of experimental tests and probabilistic analyses. Important variations which lead to the reduction of the human dynamic actions on the structure, such as phase lags between the individuals and change of rhythm during the activity are already embedded in these coefficients.
Conclusions
This paper investigated the dynamic behaviour of a multi-storey building composed by three composite floors spanning 20 m by 20 m, when subjected to the dynamic actions coming from human rhythmic activities (aerobics) and performed by fifty people. The investigated building was numerically modelled based on the use of the ANSYS program [8] . This computational model enabled a complete dynamic evaluation of the investigated system in terms of human comfort and its associated vibration serviceability limit states.
It was found that the natural frequencies of the studied structural model are in the range of 6.29 Hz to 7.59 Hz, corresponding to the same frequency range of the third harmonic of the dynamic excitation induced by aerobic activities [1] [2] [3] [4] [5] . Consequently, the building floors may resonate with the third harmonic of the human rhythmic activities practiced on the structure so that excessive vibrations levels from the human comfort point of view can occur.
The dynamic structural response indicated that the worst loading cases are related to the area where the human rhythmic activity (aerobics) was taken place, when the excitation frequency was tuned to the second and third vibration modes of the building floor system. The maximum values of the dynamic response were equal to 1 [5, 7, 10, 11] . It must be emphasized that the results indicated that in most of analysed situations, the vibration transmissibility to the upper and lower floor of the composite building indicated disturbing vibration levels to the persons who are not directly involved to the human rhythmic activity. Therefore, the dynamic analysis showed that the floor fundamental frequency should be moved away from the force activity range or a vibration control system must be installed on the structural system of the building, in order to guarantee the human comfort of the occupants.
